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Introduction
In 2002, 16.7 million people died from cardiovascular diseases worldwide, nearly half of which were attributed to coronary heart disease (AHA 2008 ). An estimated 80.7 million American adults (one in three) had one or more types of cardiovascular disease in 2005. About half (50.6%) of 16 million people with coronary heart disease were recuperating from myocardial infarction (MI). Up to one third of MI patients develop heart failure, a condition currently affecting 5.3 million people, making MI the most common cause of heart failure (HF) (WHO 2008) .
Whilst heart failure after MI can be stabilized with treatment regimens based on angiotensinconverting enzyme inhibitors, angiotensin receptor blockers and β-blockers, in the majority of cases HF still advances, though its progression may be slowed (Jessup et al. 2009 ). The early adaptive response after an ischemic event results in an increase in left ventricular (LV) cavity volume that augments contractility through the Frank-Starling mechanism (Katz 2009 ) and causes an elevation of wall stress. It is widely postulated that the increase in wall stress is a major cause of the initial positive adaptation of the heart post-MI to turn pathological (Opie et al. 2006 ). The only efficacious treatment currently available is heart transplantation, which however suffers from a chronic shortage of organ donations.
Extensive research has been undertaken to develop new MI treatments for prevention or inhibition of adverse remodelling of the heart that often culminates in heart failure (Guccione et al. 2003; Klodell Jr et al. 2008) . Cell therapy aiming at regeneration of the injured tissue has been one therapy approach (Kawamoto et al. 2003; Mangi et al. 2003; Tomita et al. 2002) . The delivery is based on embedding the cells in a carrier medium that is injected into the infarcted myocardium. Restoration or improvement of the pump function of the infarcted heart was indeed observed with this approach (Christman et al. 2004a; Christman et al. 2004b; Ifkovits et al. 2010; Kofidis et al. 2005; Landa et al. 2008; Nelson et al. 2011; Ruvinov et al. 2011) . It is, however, not well understood whether the beneficial effects have been a result of the cellular signalling, causing myocardial regeneration or decreased apoptosis, the mechanical effects of increasing the LV wall thickness or a combination of both.
In attempts to improve the understanding of the underlying mechanisms, computational models have been utilized to study the mechanical effects of the injection of biomaterials into the heart. reduction of end-diastolic and end-systolic fibre stress in the remote and infarct regions for the treated case compared to the untreated case. These three studies demonstrated benefits that can be derived from computational models for the improvement of MI therapies utilizing myocardial injections. However, the biomaterial injectates were simulated either in a 'smearing' approach by adjusting wall thickness and constitutive properties of the region of injection but without geometrically representing the injectate (Wall et al. 2006; Wenk et al. 2011) or in injectate patterns difficult to be achieved in vivo (Wenk et al. 2009 ). More recently, Kortsmit et al. (2012) implemented in computational models the discrete layer-wise configurations of the myocardial injectate to emulate, also still simplified, striated injectate distributions observed in vivo (Dobner et al. 2009; Ifkovits et al. 2010; Kadner et al. 2012). 5 In the present study, we investigated the distribution of polyethylene glycol (PEG) gel injections in infarcted myocardium in the rat model. Using histological methods, microscopic imaging and computational reconstruction, the three-dimensional geometry of a hydrogel injectate in the infarcted myocardial region of the LV was obtained. Particular emphasis was placed on a high spatial resolution of the injectate to enable a realistic representation in computational models both at macroscopic and microscopic level. In combination with the reconstruction of a rat biventricular cardiac geometry from CMRI data, a combined three-dimensional model of a rat heart with left ventricular biomaterial injectate was obtained.
Materials and methods
PEG preparation and labelling
Vinyl sulfone (VS) functionalized PEG gels (20kDa, 8arm) were manufactured as described by into a syringe and injected into the myocardium before the components were able to polymerize. 
Induction of myocardial infarct and injection of PEG hydrogel
The animal experiments were approved by the Institutional Review Boards of the University of Cape Town and performed in accordance with the National Institutes of Health (NIH, Bethesda, MD, USA) guidelines. Surgical procedures were performed according to Huang et al. (Huang et al. 2006) . In brief, male Wistar rats (180-220g) were anaesthetized with a mix of oxygen and 5.0% Isoflurane (Safeline Pharmaceuticals (Pty) Ltd., Johannesburg, South Africa), intubated with a 16G intravenous catheter (B. Braun Melsungen AG, Melsungen, Germany) and placed onto a heated operating board (Braintree Scientific, Inc., Braintree, MA, USA). Throughout surgery the animals were ventilated (112 breaths/min) while anaesthesia was maintained with a mix of oxygen/2.0% isoflurane. The heart was exposed via left thoracotomy performed along the 
Tissue processing, sectioning and histological image acquisition for injectate reconstruction
The hearts were mounted onto chucks and snap frozen in liquid nitrogen (Air Liquide (Pty) Ltd, Germiston, South Africa). Sectioning was performed on a cryostat (Microm, Heidelberg, Germany) from the apex towards the base of the heart, taking two adjacent 30µm sections at 20 7 levels with an inter-level distance of 200µm. Sections were dipped into phosphate buffered saline and mounted using DAPI mount (Vector Laboratories, Burlingame, CA, USA).
Microscopic images were acquired with an Eclipse 90i Fluorescent Microscope with digital camera DXM-1200C and fluorescein isothiocyanate (FITC) filter (all Nikon Corporation, Tokyo, Japan) at 3.2x magnification and stitched (NIS Elements BR 3.0, Nikon, Corporation, Tokyo, Japan) to obtain composite images of the entire short-axis cross section of the heart at each level.
Geometrical reconstruction of myocardial injectate
Histological images of the heart closest representing the observation in our previous studies (Dobner et al. 2009; Kadner et al. 2012) values were acquired from a calibration scale image captured at 3.2x magnification whereas the z spacing value was obtained from the level distance of the cryo-sectioning process. Image noise and artefacts were reduced using bilateral filters. 2D spatial segmentation masks were developed for the gel injectate in the individual images using region-growing segmentation algorithms.
Through stacking of these 2D masks, a 3D geometric model of the PEG gel was developed.
Reconstruction of biventricular cardiac geometry
Cardiac magnetic resonance (CMR) images obtained from a healthy rat using a custom built transmit-receive small-animal bird cage coil with 70 mm diameter in a 3.0T Magnetic Resonance 8 Imaging (MRI) system (Allegra, Siemens Healthcare, Erlangen, Germany) were utilized to reconstruct a 3D biventricular geometry of a rat heart. Short axis cine images were acquired using an ECG and respiratory gated cine FLASH sequence with the following parameters; TR/TE: 7.7/3.5 ms, resolution: 0.234 × 0.234 × 1 mm 3 , flip angle: 25°-40°, number of signal averages (Saleh et al. 2012 ).
An end-diastolic short-axis image stack was imported in Simpleware utilising spatial parameters encoded in the MR images. Gradient anisotropic diffusion and gradient magnitude filters were employed to reduce image noise and enhance the appearance of endocardial and epicardial contours. 2D spatial masks of the myocardium were developed using a combination of intensity thresholding and region growing segmentation algorithms. The 2D masks were stacked and the 3D biventricular end-diastolic geometry was reconstructed.
Combining cardiac and injectate geometries
The anterior wall of the LV of the reconstructed cardiac geometry required adjustment to simulate local wall thickening associated with the hydrogel injection. In Simpleware, linear interpolation in z-direction (cardiac longitudinal axis) was performed on the MRI data previously imported and processed for reconstruction of the cardiac geometry. The resulting data exhibited an x-y-z resolution of 0.234 × 0.234 × 0.333 mm 3 to allow for finer smoothing of the geometry adjustments. The wall thickness was increased locally by adjusting the 2D masks of the original and interpolated CMRI slices at the epi-and endo-cardial contours of the LV such that the adjusted cardiac geometry fulfilled the condition:
where V Wall,adj is the wall volume of the adjusted cardiac geometry, V Wall is the wall volume of the original cardiac geometry and V Inject is the volume of the injectate. The position of these adjustments was matched to the position of the injectate. Subsequently, the reconstructed 9 injectate geometry was embedded at the predefined injection site in the anterior LV wall of the adjusted cardiac geometry.
Results
Figure 1 The implementation of LV wall thickening at the site of the gel injection is illustrated in Figure   4 . Using a 2D mask for the LV, the epi-and endo-cardial contours were adjusted locally (see bottom part of Figure 4 ) over a distance of 5 mm along the longitudinal axis of the heart. This extension matched the in situ height of the injectate of 4.9 mm representing approximately 40% of the distance between apex and base of the rat heart.
The biventricular cardiac geometry as reconstructed from the CMRI data at ED time point is illustrated in Figure 5 (a). The reconstructed geometry exhibited a myocardial wall volume of 544 mm 3 . The result of the local adjustments of the anterior LV wall thickness, i.e. bulging at the predefined injection site of the PEG gel, can be observed in Figure 5 (b). The wall thickness adjustment increased the total wall volume in the biventricular geometry to 579 mm 3 . The 10 combined model with the PEG gel geometry embedded in the cardiac geometry at the injection site is illustrated in Figure 5 (c).
Discussion
Combining histological analysis, CMRI and image-based geometrical reconstruction, we developed a computational biventricular cardiac model of a rat heart with a micro-structurally detailed geometry of a therapeutic PEG hydrogel injectate. The developed geometry of the PEG gel injectate captures the striated distribution of the hydrogel within the myocardium observed in vivo in pre-clinical studies when the biomaterial was administered immediately after the infarction (Dobner et al. 2009; Ifkovits et al. 2010; Kadner et al. 2012) . With therapeutic myocardial injectates being represented simplified in computational models in previous studies, e.g. by homogenisation (Wall et al. 2006; Wenk et al. 2011 ) and in coarse layers (Kortsmit et al. 2012) , the injectate geometry reconstructed in the current study provides the basis for a more realistic implementation of intra-myocardial injectates in computational models. Due to its micro-structural details, the injectate geometry is particularly suited for the investigation of micro-mechanical interactions between injectate and myocardial tissue. At this microscopic scale, the injectate model may also offer potential for studying the mechanobiology in MI cell therapies for which the injectate provides the physical environment of the injected cells. A macroscopic model of the injectate with less micro-structural details can be obtained from the existing geometry, e.g. to study global mechanics of the heart at reduced computational expense.
As such, the models can facilitate multi-scale computational studies into injectate-based MI therapies.
The infarcted rat heart from which the injectate model was developed was explanted minutes after infarct induction. Since geometrical changes were not expected in the cardiac wall during this short period of time, the geometry of the infarcted heart was assumed to be similar to that of 11 a healthy heart. Accordingly, the biventricular cardiac geometry was developed from cardiac MRI data obtained from a healthy rat.
For the development of computational models, e.g. for finite element analysis, cardiac and injectate geometries need to be complemented with additional structural and constitutive data.
Such data can be obtained from literature, such as distribution of myofibre alignment and constitutive properties of the rat heart (Omens et al. 1991) or from experimental tests in case of the injectate biomaterial.
Conclusions
The biventricular cardiac rat model combined with an intra-myocardial hydrogel injectate provides realistic geometries for advanced computational investigations into biomaterialinjectate based MI therapies. While the reconstructed injectate geometry stemmed from acellular injections in the rat, an extensively used animal model for MI, the high level of geometrical detail not only allows studying of the injectate-myocardium micromechanics. It can also render the geometry suitable for the representation of the physical environment of cells injected into injured myocardium with the biomaterial and as such promote computational studies of cell mechanics and mechanobiology in MI therapies. 
